We report on atomic-scale analyses using high-resolution scanning transmission electron microscopy (HR-STEM), atom-probe tomography (APT), and first-principles calculations to study grain-boundary (GB) segregation behavior of Nb 3 Sn coatings on Nb, prepared by a vapor-diffusion process for superconducting radiofrequency (SRF) cavity applications. The results reveal Sn segregation at GBs of some Nb 3 Sn coatings, with a Gibbsian interfacial excess of ~10-20 Sn atoms/nm 2 . The interfacial width of Sn segregation at a GB is ~3 nm, with a maximum concentration of ~35 at.%. HR-STEM imaging of a selected [12 ̅ 0] tilt GB displays a periodic array of the structural unit at the core of the GB, and firstprinciple calculations for the GB implies that excess Sn in bulk Nb 3 Sn may segregate preferentially at GBs to reduce total internal energy. 
Introduction
Significant progress has recently been made towards the application of Nb 3 Sn films for superconducting radio frequency (SRF) cavities for particle-accelerator applications [1, 2] . Nb 3 Sn has an A15 structure and high-quality thin (~2-3 m) Nb 3 Sn films were successfully created on the surfaces of niobium (Nb) cavities by employing the Sn vapor-diffusion process. With the substantially higher critical temperature (T c ~18 K) of Nb 3 Sn compared to Nb [3] [4] [5] , 1.3 GHz SRF cavities demonstrated a Q 0 (quality)-factor of ~10 10 at 4.2 K, where Q 0 -factor is defined by the geometric factor (G) over the surface resistance (R s ) of a cavity as G/R s , at useful accelerating fields; a value much higher than has been previously achieved with Nb SRF cavities under the same conditions (frequency, temperature, etc.) [6] [7] [8] .
The performance of these Nb 3 Sn cavities has, however, so far been limited to an accelerating field of 14-17 MV/m, which corresponds to a peak surface magnetic field of ~ 70 mT. In some cases, cavities displayed a significant Q 0 -slope (a degradation of the quality factor with increasing field) starting from ~8
MV/m. The corresponding surface magnetic field is significantly lower than the theoretical superheating field of Nb 3 Sn, H sh ~400 mT, predicted on the basis of the RF superconductivity of an ideal surface [1, 9, 10] . This RF degradation is thought to be caused by defects in the surface layer of the Nb 3 Sn coating on the Nb cavity [2] .
The coherence length () of Nb 3 Sn is significantly shorter than metallic Nb ((Nb 3 Sn) ~3 nm vs (Nb) ~50 nm) [1, 8, 11] , potentially making Nb 3 Sn more vulnerable to small scale defects in the Nb 3 Sn layer.
Several studies [12] [13] [14] [15] have been performed to investigate the structural defects in Nb 3 Sn coatings, such as abnormally thin-grains, compositional variations, and Sn-deficient Nb 3 Sn phases [1, 8, 12] , which may be responsible for the Q 0 -slope and quenching, which is a loss of superconductivity. Orientation relationships between Nb substrates and Nb 3 Sn films were measured and the Nb 3 Sn/Nb heterophase interfaces are demonstrated to play a critical role in the formation of thin-grains and Sn-deficient regions [15] . Another candidate for causing degradation of the superconducting properties of Nb 3 Sn SRF cavities is grain-boundaries (GBs).
In superconducting magnets, defects are purposely engineered into the Nb 3 Sn wires at GBs. Impurities, such as normal conducting copper [16] or insulating oxides [17, 18] may be added to degrade locally the superconducting properties (e.g., superconducting order-parameter and superconducting energy gap [11, 19] ) associated with the GBs, which may create an energetically favorable volume for vortices, where they become pinned. In contrast, the magnetic-field direction in SRF cavities changes on a nanosecond time-scale, leading to significant dissipation of heat and a corresponding decrease in the quality factor if the flux penetrates into the superconductor (including penetration into the GBs) [20] . The potential importance of GBs in Nb 3 Sn SRF cavities has been discussed extensively [3, 8, 10, 21, 22] , but the structure and chemistries of GBs of Nb 3 Sn prepared by the vapor-diffusion process for SRF cavity applications are unknown, and, therefore, the level of vulnerability of GBs remains unclear.
GB engineering of structures and chemistries of Nb 3 Sn GBs provide potential opportunities to improve the superconducting properties of Nb 3 Sn SRF cavities [23] [24] [25] [26] . The control of GB segregation has drawn interest scientifically and for practical applications as it affects the physical properties of alloys and eventually provides a way to design materials with desired physical and mechanical properties [27] [28] [29] [30] .
Especially for ordered alloys, such as Ni 3 Al [28, 31] , Ni 3 Si [32] , and CoAl [33] , the composition is critical for segregation behavior at GBs, as the stoichiometry away from the ideal composition of the alloys generates anti-site defects, which tend to segregate at GBs to reduce the total internal energy [28, 32] . Therefore, this may provide more opportunities for controlling the chemistry of GBs in ordered alloy systems like Nb 3 Sn under non-equilibrium vapor-diffusion condition. Clarification of this problem provides the motivation for our current studies.
Herein, we report the results of atomic-scale analyses of the chemistry and structure of GBs using highresolution scanning transmission electron microscopy (HR-STEM) and atom-probe tomography (APT).
The amount of Sn segregation at the GBs and their five macroscopic degrees of freedom (DOFs) of some of the GBs were systematically analyzed. A value of 10-20 atoms/nm 2 of Gibbsian interfacial Sn excesses were observed in some GBs with an ~3 nm width and an ~35 at.% of maximum Sn concentration, where the width of Sn segregation at a GB is defined by the full width of Sn segregated zone at a GB assuming the concentration profile of Sn across a GB follows a Gaussian function. 
Methodologies

Experimental procedure
The Sn vapor-diffusion process was utilized to coat Nb substrates-either disk-shaped coupons (a diameter of 10 mm and a thickness of 3 mm) or the inner surface of 1.3 GHz cavities -with Nb 3 Sn films [1, 3, 8] . Niobium substrates, a Sn source, and a SnCl 2 nucleating agent were placed in a vacuum furnace (< 10 -6 Torr). Two different growth conditions were employed for the Nb 3 Sn coatings: Processes A and B, Fig. 1 . For process A, the furnace temperature was initially increased to 500 °C to create nucleation sites on the Nb surface, and concurrently, the Sn source was also heated to 500 °C. The temperature was then increased to 1100 °C to initiate the formation of the Nb 3 Sn phase. During the coating process, the Sn source was maintained at 1200 °C , so that sufficient Sn was continuously provided to the top surface of Nb 3 Sn. The tin then diffused into the Nb sample. The source contained 3.0 g Sn, which is more than the amount required for the desired film thickness of ~2 μm, and the Sn vapor was supplied during the entire coating process. In process B, the Nb 3 Sn coating was performed with both the Nb substrate and Sn source at ~20 o C higher temperature, Fig. 1 , achieved by placing the Nb substrates and Sn source close to heating source of the furnace. Other differences are that the source consisted of only 2.5 g Sn, so that together with the ~29% increase in Sn evaporation rate caused by elevating the temperature of the Sn source from 1200 to 1220 o C, all of the Sn source had evaporated by the middle of the coating process [8] .
Previous data on the evaporation rate of the Sn source suggest that under these conditions, Nb 3 Sn coatings may experience an annealing effect for 30 to 60 min without an external Sn supply. 
Computational details
The first-principles calculations utilized in this work employ the plane-wave pseudopotential total energy method as implemented in the Vienna ab initio simulation package (VASP). We used projector augmented wave (PAW) potentials and the generalized gradient approximation (GGA) of Perdew-BurkeErnzerhof (PBE) for exchange-correlation. Unless otherwise specified, all structures were fully relaxed with respect to volume, as well as to all cell-internal atomic coordinates. We carefully considered the convergence of results with respect to energy cutoff and k-points. A plane-wave basis set was employed with an energy cutoff of 600 eV to represent the Kohn-Sham wave functions. The summation over the Brillouin zone for the bulk structures was performed on a 12×12×12 Monkhorst-pack k-point mesh for all calculations. The magnetic spin-polarized method was applied in all the calculations. The lattice parameter of Nb 3 Sn was calculated to be 5.332 Å, which is in excellent agreement with experimental measurements of 5.289 Å [34] . The [12 ̅ 0] Nb 3 Sn GB structures were constructed using the interface builder in the MedeA package and were fully relaxed. The GB supercell had a total of 192 atoms, which contained two GBs.
Experimental results
TEM/APT analyses of Nb 3 Sn grain boundaries (GBs)
Figs . was constructed for first-principles calculations and is displayed in Fig. 6(b) . Two GBs are in the superlattice with a total of 192 atoms. The GB was fully relaxed and the GB internal energy, GB  , can is determined using:
Where TOT GB E is the total internal energy of the GB structure shown in Fig. 6,   3 Nb Sn E is the total internal energy of one side of the bulk Nb 3 Sn, and A is the area of the GB. The calculated GB internal energy at 0 K is 536 mJ/m 2 . The calculations are performed for three different locations of an extra Sn atom: two locations at the GB with a large free volume (labeled as 1 and 2 in Fig. 6(b) ) and one Nb atomic site in the bulk material to form an antisite (labeled as number 3 in Fig. 6(b) ) point-defect.
Considering the case with an excessive amount of Sn (>25 at. %), then there are two possible locations for a Sn atom, either in the Nb sublattice in the bulk (site 3, for example) or in GB sites (sites 1 or 2) with a large free-volume. The antisite substitutional energy of Sn can be calculated employing:
Where TOT Sn Nb E  is the total GB energy with a Sn antisite, and The Sn occupation energy at the GB is calculated using:
Where in TOT Sn GB E is the total GB energy with a Sn atom situated in a GB at site, 1 or 2, as displayed in Fig.   6 , and n is the number of Sn atoms located at the GB. The calculated Sn occupation energy at a GB is -0.164 eV/atom at site 1 and -0.152 eV/atom at site 2. Tin occupation at a GB can stabilize the GB structure by decreasing the total system's energy at both the sites studied herein. Site 1 has slightly smaller occupation energy than site 2 due to having a 24% larger free volume space, Fig. 6 .
The driving force for excess Sn segregation from the bulk to a GB can be determined by calculating the segregation energy as follows:
The value of the segregation internal energy calculated at 0 K for our system is -0.799 eV/atom for site 1 and -0.787 eV/atom for site 2 at the GB, which are quite close to one another. 
Discussion
Structure and chemistry of Nb 3 Sn GBs
TEM and APT analyses of the atomic structure and chemistry of GBs in Nb 3 Sn demonstrate that the width of the Sn segregated zone at a GB is ~ 3 nm and the maximum Sn concentration is ~35 at.% (Figs. Fig. 3(b) , a periodic atomic array of structural units (core structures) in a GB are observed in HR-STEM images. A possible sign of chemical ordering is observed in a limited case as indicated by periodic bright contrast effects of coincident sites at the GB of Fig. 3(a) . This implies that there is higher concentration of Sn in the atomic column at the core of the GB, agreeing with the current first-principle calculation results. There is, however, no clear evidence of chemical ordering or nonequilibrium phases [42] [43] [44] [45] at other GBs employing additional rigorous analyses using HR-STEM and we conclude that most of GBs form structurally sharp interfaces, Fig. 4 . This implies that some of the excess Sn observed at the GBs exists in the structural units (cores) of the GB, in locations such as sites 1 or 2 in the GB model of Fig. 6(b) , but rather that most of the excess Sn is located in Nb sublattices forming Sn antisites at a distance of ~3 nm on either side of the GB. An estimated 15 atoms/nm 2 of Sn excess in ~3 nm around a GB generates about one Sn antisite in every two unit cells of Nb 3 Sn. This results in a substantial increase in internal energy but probably not enough to overcome the nucleation barrier to transform to other phases.
and 3). As seen in
Origin of Sn segregation at GBs in Nb 3 Sn
It is noteworthy that GB segregation in the vapor-diffused Nb 3 Sn is not correlated with the structures of the GBs represented by the five macroscopic and three microscopic DOFs. This is in strong contrast to the situations for an equilibrium state, where the interfacial excesses of solutes in alloys is determined by the structure of the GBs represented by the five macroscopic and three microscopic DOFs [23, 46] . LAGBs contain smaller dislocation densities than HAGBs, and therefore, in general, should exhibit smaller Gibbsian excesses of solute atoms [24] . We have, however, observed no detectable differences in the amount of Sn segregation in LAGBs and HAGBs, (Figs. 3 and 4) . The GB segregation behavior of The key finding of the current research is that Sn segregation at a GB is highly correlated with, and can be controlled by, two factors: (i) Sn supply and (ii) the temperature of the Nb substrate and Sn source. The plot of Sn segregation versus Sn supply for Nb 3 Sn samples coated by Process A (Fig. 5) indicates that the reason for Sn segregation at GBs is related to short-circuit GB diffusion of Sn during the coating process. In prior studies, it was demonstrated that GBs are the main paths for Sn diffusion to the Nb 3 Sn/Nb heterophase-interface and also the source of Sn for the growth of Nb 3 Sn grains at 600 to 800 o C for Nb 3 Sn wire applications [48, 49] . Our current results demonstrate that GB diffusion is still a primary path for the supply of Sn atoms to Nb 3 Sn/Nb heterophase interfaces for Nb 3 to the Nb substrate (point 4), indicative of fast Sn diffusion along the GB. That is, there is not a significant Sn concentration gradient along the GB.
Our first-principles calculations demonstrated that GBs are favorable sites for excess Sn in Nb 3 Sn. As the formation energy of a Sn-antisite defect is high, 0.635 eV [15, 51] , the Sn-antisites are likely to segregate at GBs to reduce the grain-boundary energy of Nb 3 Sn. As Sn-antisites move from the bulk to core GB sites (1 and 2 in Fig. 6(b) ), the energy is reduced by ~0.8 eV/atom, which is the segregation energy of Sn at GBs. Excess Sn may first fill the core GB sites with large free volumes but since these sites are limited, it may then begin to occupy a Nb sublattice near the GBs within ~3 nm width. The segregation energy of a Sn atom in the Nb sublattice near GBs may be smaller than that at the cores (structural units) of a GB, since this segregated Sn is still located in the Nb sublattice similar to Sn antisites in bluk Nb 3 Sn. This reduction in segregation energy means that after filling the core GB sites, Sn segregation at GBs becomes more difficult and may explain the observation that saturation of Sn segregation occurs at 15~20 atoms/nm 2 even with a high Sn supply (Fig. 5) .
Another important factor that affects the segregation behavior at GBs in Nb 3 Sn is because Nb 3 Sn is an ordered alloy, where the segregation behavior of solutes has been reported to be affected by the stoichiometry of the ordered intermetallic phase [28, 31-33, 54, 55] . For instance, Al-rich non- 4.3 Grain-boundary engineering for high-performance Nb 3 Sn SRF cavities.
The width of Sn segregation at a GB (~3 nm) is comparable to the superconducting coherence length of Nb 3 Sn [2, 10, 20] . This suggests that Sn segregation at GBs can indeed possibly provide a path for magnetic flux penetration from the surface. Our research demonstrates that the chemistries of Nb 3 Sn GBs for the Sn vapor-diffusion process can be adjusted utilizing an optimized growth-process procedure. The GB engineering of Nb 3 Sn coatings provide a way to improve the superconducting properties of Nb 3 Sn SRF cavities [23] and this possibility was investigated in this section.
One Nb 3 Sn sample was cut-out directly from a high-performance Nb 3 Sn cavity, Cornell cavity 2 ( Fig.   8(a) ) [56] to investigate the correlation between Sn segregation at GBs and surface resistance. When GBs from a high-performance Nb 3 Sn cavity were analyzed by HR-STEM EDS and APT, there were no signs of Sn segregation, although a small amount of Sn depletion (or Nb segregation), of about 2-3 atoms/nm 2 , was observed at one GB, (Fig. 8(b) ). Sn segregation at GBs. A Sn concentration profile through a GB is displayed in Fig. 8(c) . Furthermore, Fermilab Cavity 3 demonstrated a high cavity performance, with a minimal Q-slope in the gradient range up to 15 MV/m, which supports a correlation between Sn segregation at GBs and degradation of cavity performance.
Alternatively, Fermilab cavities 1 and 2, which experience degradation of the Q-factor around ~8 MV/m, do exhibit Sn segregation at GBs (numbers 1 and 2 in Fig. 5 ). The Sn excesses at the GBs were equivalent to 13.9 ± 1.8 and 12.3 ± 6.6 atoms/nm 2 for samples 1 and 2, respectively. Our present results suggest that it is reasonable to postulate a correlation between Sn segregation at GBs of Nb 3 Sn and the appearance of Q-slope or quench in a Nb 3 Sn cavity. It is challenging to isolate the effect of GBs on the SRF cavity performance from other factors, such as Sn-deficient grains, surface roughness, and surface chemistry, and this will require further investigation. Theoretical evaluations on the correlation between Sn segregation at GBs and superconducting properties using a time-dependent Ginsburg-Landau model is ongoing [57] . Our current results provide a way to control the detailed chemistry of GBs of Nb 3 Sn for use in SRF cavity applications. 
Conclusions
This article describes the use of atom-probe tomography (APT), high-resolution scanning transmission electron microscopy (HR-STEM), and first-principles calculations, to perform systematic analyses of the chemistry and structure of grain boundaries (GBs) in Nb 3 Sn for superconducting radiofrequency (SRF) 
